There is strong evidence that obesity has deleterious effects on cognitive function of older adults. Previous preclinical studies demonstrate that obesity in aging is associated with a heightened state of systemic inflammation, which exacerbates blood-brain barrier disruption, promoting neuroinflammation and oxidative stress. To test the hypothesis that synergistic effects of obesity and aging on inflammatory processes exert deleterious effects on hippocampal function, young and aged C57BL/6 mice were rendered obese by chronic feeding of a high-fat diet followed by assessment of learning and memory function, measurement of hippocampal long-term potentiation (LTP), assessment of changes in hippocampal expression of genes relevant for synaptic function and determination of synaptic density. Because there is increasing evidence that altered production of lipid mediators modulate LTP, neuroinflammation and neurovascular coupling responses, the effects of obesity on hippocampal levels of relevant eicosanoid mediators were also assessed. We found that aging exacerbates obesity-induced microglia activation, which is associated with deficits in hippocampal-dependent learning and memory tests, impaired LTP, decreased synaptic density, and dysregulation of genes involved in regulation of synaptic plasticity. Obesity in aging also resulted in an altered hippocampal eicosanoid profile, including decreases in vasodilator and pro-LTP epoxy-eicosatrienoic acids (EETs). Collectively, our results taken together with previous findings suggest that obesity in aging promotes hippocampal inflammation, which in turn may contribute to synaptic dysfunction and cognitive impairment.
In the past half a century the prevalence of obesity has more than doubled to over 37% of individuals aged 65 and older and if the current trend continues, nearly half of the elderly population will be obese in 2030 (1) . Prospective and cross-sectional investigations of neurocognitive function demonstrate that obesity has deleterious effects on the brain and neurocognitive function in the elderly (2) . For example, in the Framingham Offspring Study, higher waist-hip ratio predicted a significant decline in cognitive function later in life (3) . Other longitudinal studies yielded similar results (4) . Further, there is strong evidence that obesity-related cognitive deficits increase with age (5) . Experimental studies in rodent models confirmed that obesity per se (eg, in the absence of sleep apnea or other comorbid conditions) results in cognitive dysfunction, which is exacerbated with advanced age (6, 7) .
The cellular mechanisms by which obesity promotes cognitive dysfunction are likely multifaceted and include both dysregulation of cerebral blood flow due to cerebromicrovascular impairment (7) and neuronal dysfunction induced by altered local microenvironment (eg, blood-brain barrier disruption (6) , heightened state of neuroinflammation (8, 9) ) in the cerebral tissue. In the past decade significant progress has been made understanding the pathophysiology of cerebromicrovascular impairment associated with obesity. There is strong evidence that obesity promotes cerebromicrovascular rarefaction, endothelial dysfunction, and neurovascular uncoupling (7) . These microvascular alterations likely lead to impaired delivery of oxygen and nutrients to the active brain regions as well as inadequate wash-out of toxic by-products thereby promoting neuronal dysfunction. Obesity also promotes disruption of the blood-brain barrier, microglia activation and oxidative/nitrosative stress in the cortex and hippocampus (6, (8) (9) (10) (11) . Importantly, the adverse cerebromicrovascular effects of obesity are exacerbated in advanced aging (6, (10) (11) (12) . Although increased obesity-induced microvascular alterations and the heightened state of neuroinflammation are likely to be causally linked to age-related exacerbation of adverse neurocognitive effects of obesity (6, 7) , there are no studies addressing the combined effects of aging and obesity on synaptic function and neuronal phenotype. Long-term synaptic potentiation (LTP), a persistent strengthening of synapses based on recent patterns of activity, is presumed to play an important role in the establishment and storage of stable memories in the hippocampus (13) . There is growing evidence that pathophysiological conditions, which promote cognitive decline by impairing the cerebral microcirculation, compromising the blood-brain barrier and promoting neuroinflammation (eg, hypertension (14) ), elicit significant impairment of LTP. However, the combined effects of obesity and aging on hippocampal LTP remain still elusive. Decreases in hippocampal synapse number also correlate with cognitive performance (15) , yet, it is less understood how obesity affects synaptic density in the aged hippocampus.
The present study was designed to test the hypothesis that obesity in aging exerts deleterious effects on the hippocampus, impairing synaptic plasticity, reducing synaptic density and/or altering hippocampal gene expression profile. To achieve that goal, young and aged C57BL/6 mice were rendered obese by chronic feeding of a high-fat diet (HFD) followed by measurement of LTP in acute hippocampal slices, assessment of changes in hippocampal expression of genes relevant for synaptic function and determination of synaptic density. Because there is increasing evidence that altered production of lipid mediators modulate LTP, neuroinflammation and neurovascular coupling responses (16, 17) , the effects of obesity on hippocampal levels of relevant eicosanoid mediators were also assessed.
Methods

A detailed description of Materials and Methods is available as supplementary material (Supplementary Methods).
Animals and Diets
Young and aged male C57BL/6 mice (7 and 24 months old at the time of sacrifice, respectively) were placed on either a standard diet (SD) or HFD for 5 months, as described (6, 7) . The four groups were (a) young animals fed an SD; (b) young animals fed an HFD; (c) old animals fed an SD diet; (d) old animals fed an HFD. All procedures were approved by the Institutional Animal Care and Use Committee of OUHSC.
Spatial Memory Testing of Mice in Y-maze
Hippocampal-dependent contextual memory was tested with the Y-maze two-trial delayed alternation task according to our published protocol (18) .
Novel Object Recognition Test
The novel object recognition task was used to evaluate recognition memory (18) . Previous studies demonstrate that the novel object recognition test is a sensitive indicator of cognitive dysfunction in mouse models of aging and of age-associated disease.
Electrophysiological Studies for Synaptic Function and LTP
To determine how obesity affects synaptic function, extracellular recordings were performed from acute hippocampal slices as described (14, 16, 19) . Briefly, horizontal hippocampal slices of 325 µm thickness from mice in each cohort were positioned on P5002A multi-electrode arrays (Alpha MED Scientific Inc, Japan). Field excitatory post-synaptic potentials (fEPSPs) were invoked through stimulation of the performant path collaterals (0.2 ms biphasic pulses at 50% strength of maximal activation) and obtained from the dentate gyrus area. LTP was induced using high-frequency stimulation (HFS), which consisted of 100 pulses at 100 Hz applied 4 times with half-minute intervals. fEPSPs were monitored every 30 seconds for 60 minutes following HFS and were recorded with MED-64 system and Mobius software (Alpha MED Scientific Inc). Potentiation was calculated as the percent increase of the mean fEPSP descending slope following HFS and normalized to the mean fEPSP descending slope of baseline recordings.
Synaptic Density Quantification
To compare how HFD-induced obesity and aging affect synaptic density, sections of the hippocampi were immunostained for MAP-2, to label neuronal somata and dendrites and synaptophysin, which is an abundant presynaptic vesicle protein. Confocal images were captured and quantification of the density of synaptophysin-immunoreactive puncta were performed as described recently (14) .
Western Blotting
Immunoblotting studies for the AMPA receptor subunits GluR1 (GRIA1) and GluR2 (GRIA2) and the NMDA receptor channel subunits NMDAR1 (GRIN1) and NMDAR2A (GRIN2A) in hippocampal homogenates were performed as described (14) .
Transcriptome Analysis Using RNA-Seq RNA was isolated from hippocampi and stranded RNA-Seq libraries (TrueSeq) were constructed to retain directionality of the transcripts (n = 6 per group), as described (20) . Each sequencing library was prepared from RNA isolated from the hippocampus of a single animal. Library sizing was performed by TapeStation (Agilent) and libraries were quantified by qPCR (Kappa Biosystems). The cDNA library was then sequenced using an Illumina Hiseq2500 at the Oklahoma Medical Research Foundation Genomics Facility in a 2 × 100bp fashion.
Following sequencing, raw FASTQ reads were trimmed of their Illumina TruSeq adapter sequences using cutadapt v1.8.3, then aligned using TopHat v2.1.0 to the NCBI mouse transcriptome build 37.2. Raw expression counts were quantified using the samtools "bedcov" utility (version 1.2), and differential expression analysis was performed using DESeq2 1.10.1 using the "parametric" fit type and "Wald" significance testing method. Significantly, differentially expressed genes were obtained using a 0.05 FDR cutoff after Benjamini-Hochberg multiple hypothesis correction. Gene Ontology Enrichment analysis was performed using Fisher's Exact test. The data will be made available upon request.
Lipidomic Analysis of Eicosanoid Mediators in Hippocampal Samples
Eicosanoid mediators were shown to play a critical role in regulation of synaptic plasticity and neuronal function, as well as regulation of cerebral blood flow (17) . To determine how aging and consumption of an HFD affects hippocampal levels of key eicosanoid mediators, high throughput mass spectrometric analysis of eicosanoids in hippocampal samples was performed on an ABI/Sciex 6500 Q-TRAP according to published protocols (21) .
Statistical Analysis
Data were analyzed by one-way or two-way analysis of variance with Bonferroni's Multiple Comparisons Test. A p value less than .05 was considered statistically significant. Data are expressed as mean ± SEM.
Results
Effects of Chronic HFD and Aging on Body Mass
In agreement with previous data (6, 7, 22) , we show that both young and aged mice fed a HFD exhibit significant weight gain over the experimental period although the increase in body mass of HFD-fed young mice was greater as compared with HFD-fed aged animals ( Table 1 ). The effects of chronic HFD feeding on the serum biochemical profile of young and aged C57BL/6 mice are shown in Table 1 .
Obesity in Aging Elicits Significant Decline in Hippocampal Cognitive Function
As expected, total number of alternations ( Figure 1A ) as well as time spent in the novel arm as a percent of total time engaged in exploration (p < .05, Figure 1B ) were higher in young SD-fed mice performing a hippocampus-dependent delayed-alternation task using the Y-maze. Both number of entries to the novel arm and percent exploration time spent in the novel arm tended to decrease in young HFD-fed mice and in aged SD-fed mice as compared to young SD-fed mice, although the differences between these group means did not reach statistical significance. Number of entries to the novel arm ( Figure 1A ) and percent time spent in the novel arm ( Figure 1B ) were significantly reduced in old HFD-fed mice, suggesting that hippocampus-dependent contextual memory is impaired in this group. By two-way analysis of variance the effects of age (p = .001) and diet (p = .046) were significant, whereas the interaction between diet and age was not significant. Similar negative effects of advanced age and obesity on hippocampus-dependent learning and memory were recently shown using other behavioral tasks (7) .
To complement these findings, we used the novel object recognition test, which like the delayed-alternation task in the Y maze measures hippocampal-dependent recognition memory (23) , but relies on different instinctive and motivational aspects of mouse behavior. We found no significant differences in the time that each group spent exploring two identical objects placed at opposite ends of the arena during the acquisition phase, confirming that the objects used in the task are of equivalent value, and ruling out confounds related to potential differences in value of the position of the objects in the arena. Young SD-fed mice, however, explored a novel object that replaced one of the previously encountered ones in the trial phase ( Figure 1C ) for a significantly longer time than aged SD-fed mice and aged HFD-fed mice ( Figure 1B ), indicating impairments in hippocampal-dependent recognition memory for the familiar object in these latter groups ( Figure 1C and D). The recognition index (RI) value for aged HFD-fed mice, was the lowest among experimental groups, indicative of severe deficits in hippocampal-dependent recognition memory in this group and consistent with our observations using the delayed-alternation task in the Y-maze ( Figure 1D ). Differences in mean RI values between young HFD-fed mice and aged SD and HFD-fed mice were not statistically different. The interaction between diet and age was not significant by two-way analysis of variance.
Effects of Obesity and Aging on Synaptic Function
We next examined LTP in the dentate gyrus to determine how obesity in aging impact the phenotype of impaired synaptic plasticity. LTP at hippocampal synapses is considered a crucial component of the cellular basis for learning and memory. In order to characterize the effects of obesity and aging on synaptic function, we measured fEPSP in the dentate gyrus of hippocampi in response to electrical stimulation of the perforant pathway (with 5 µA steps increased up to 100 µA). Original recordings showing field EPSPs in the dentate gyrus in response to the stimulation of the perforant pathway in each group are shown in Figure 1E . We found that each group of mice exhibited normal basal synaptic properties. In particular, the ratio of evoked responses to the presynaptic fiber volley were similar in SD-fed and HFD-fed mice, showing that obesity does not affect neuronal EPSP (data not shown). Following a 4 × 100Hz tetanic stimulation, the fEPSP slope in the dentate gyrus increased significantly less in the HFD-fed young group as compared to the SD-fed young controls during the 60-minute experimental period ( Figure 1F ). Consistent with previous observations (14) , in the hippocampi of aged mice LTP was impaired and was indistinguishable from LTPs obtained in hippocampi of young HFD-fed mice ( Figure 1F ). When aged mice were fed an HFD, it tended to further decrease LTP ( Figure 1F ), although the differences between responses in hippocampi of SD-fed aged mice and HFD-fed aged mice did not reach statistical significance.
Effects of Obesity and Aging on Hippocampal Synaptic Density
We used immunolabeling against synaptophysin, a protein localized in presynaptic vesicles, to label the density of synapses in mouse hippocampal samples. Double-immunofluorescence labeling against MAP2 demonstrated that synaptophysin-expressing presynaptic puncta were concentrated in the neuropil surrounding the MAP2-immunoreactive somata and dendrites in each group (Figure 2A) . We found that synaptophysin-immunoreactive puncta density tended to decrease in the stratum radiatum of the hippocampi of HFD-fed young mice as compared to that in SD-fed young mice ( Figure 2B ). Density of synaptophysin expressing puncta was also significantly decreased in the stratum radiatum of the hippocampi of aged control mice ( Figure 2B ). However, when aged mice were fed an HFD, we did not observe an additional decline in the synaptophysin expressing puncta ( Figure 2B ), reflecting the dominant effect of aging on hippocampal synaptic density.
Effects of Obesity and Aging on the Hippocampal Expression of Post-Synaptic Neurotransmitter Receptors
Decreased expression of post-synaptic neurotransmitter receptors may contribute to altered LTP under various pathophysiological conditions. In the present study neither feeding an HFD nor aging were associated with changes in protein expression of GluR1, NMDAR1, and NMDAR2. In contrast, expression of GluR2 tended to decrease in HFD-fed young mice as well as in SD-and HFD-fed aged mice ( Figure 2C -G).
Effects of Obesity and Aging on the Hippocampal Expression of Genes Relevant for Neuronal Function and Cerebral Health
Using RNA-seq to sequence the hippocampus transcriptome a number of genes were identified whose expression is up-or downregulated with advanced age and/or by consumption of an HFD. Figure 3A depicts the average of gene expression Z-scores for selected Gene Ontology categories relevant for neuronal function and cerebral health. The results suggest that obesity and aging synergistically impair multiple biological processes important for hippocampal memory formation and storage. In particular, we observed that obesity and aging synergistically up-regulated negative regulators of synaptic plasticity ( Figure 3B ), which may contribute to the observed age-and obesity-dependent alterations in synaptic plasticity.
Effects of Obesity and Aging on the Hippocampal Expression of Genes Involved in Microglia Activation and Neuroinflammation
Our findings demonstrate age-related up-regulation of genes involved in microglia activation (Figure 4 ), extending previous findings both in human (24) and mouse (25, 26) hippocampi. Previous studies suggest that obesity and aging exert synergistic effects, exacerbating neuroinflammation by promoting leakage of plasmaderived factors through the damaged BBB, which is a potent stimulus for microglia activation (6) . In accordance with this concept we found that in the hippocampi of aged mice obesity promoted significant up-regulation of microglia-enriched pro-inflammatory genes ( Figure 4 ), whereas young mice exhibited significant resistance to obesity-related changes in inflammatory gene expression, extending our previous findings (6) . Consistent with the presence of increased oxidative/nitrosative stress in the brain of obese and aged mice (6,10), there was a discernible trend for increased mRNA expression of gp91 phox (encoded by Cybb) in the hippocampi of aged HFD-fed and aged SD-fed mice (5.2-and 4.2-fold, respectively) as well as HFD-fed young mice (1.5-fold), supporting the concept that the effects of age and obesity on brain redox homeostasis are synergistic (10) . The effects of aging and HFD feeding on expression of Nrf2-driven genes is shown in Figure 4 . We found that increased hippocampal oxidative stress in HFD-fed aged mice is not associated with a gene expression signature consistent with significant compensatory Nrf2 activation.
Lipidomic Analysis of Eicosanoids in Hippocampal Samples
A high-throughput lipidomics methodology was used to determine hippocampal levels of eicosanoids known to be involved in synaptic plasticity and/or neurovascular coupling responses (17) . Cyclooxygenase-mediated generation of PGE 2 , PGF 2α , and PGD 2 was reported to modulate synaptic plasticity and LTP (27) and to contribute to neurovascular coupling responses (17) . We found that neither aging nor obesity affected hippocampal levels of PGE 2 , PGF 2α , and PGD 2 ( Figure 5A ).
There is ample evidence that 12/15-lipoxygenase metabolites modulate synaptic function, synaptic integrity and LTP (28) . We found that obesity in aged mice increased hippocampal level of the 12/15-lipoxygenase metabolites 12-HETE (12-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid), 15-HETE (15-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid) and 13-HODE (13-hydroxy-9Z,11E-octadecadienoic acid; Figure 5B ). In contrast, obesity in young mice had no effect on hippocampal levels of 12/15-lipoxygenase metabolites ( Figure 5B ).
Epoxyeicosatrienoic acids (EETs) produced by cytochrome (CYP) monooxygenases are important for regulation of neuronal function both directly (29) and indirectly, via regulation of regional cerebral blood flow (16) . We found that HFD-induced obesity was associated with significant decline in hippocampal level of 8,9-EET and 11,12-EET both in young and aged mice ( Figure 5C ), whereas HFD-induced changes in 5,6-EET and 14,15-EET content did not reach statistical significance. Epoxide hydrolases convert the EETs into vicinal diols [11, 12 -dihydroxy-5Z,8Z,14Z-eicosatrienoic acid); 14,15-DiHETrE (14,15-dihydroxy-5Z,8Z,11Z-eicosatrienoic acid); 5,6-DiHETrE (5,6-dihydroxy-8Z,11Z,14Z-eicosatrienoic acid); and 8,9-DiHETrE (8,9-dihydroxy-5Z,11Z,14Z-eicosatrienoic acid], with the concurrent loss of much of their biological activity. The findings that in obese mice reduced EET content was associated with an increased level of EET breakdown products ( Figure 5D ) indicate that obesity may increase the activity of epoxide hydrolase. This is a potentially interesting finding as up-regulation of epoxide hydrolase was proposed to contribute to cognitive decline (29) .
Discussion
The results of this study suggest that exacerbation of obesity-induced neuroinflammation in aged mice is associated with an impairment in synaptic plasticity, altered production of vasodilator and pro-LTP eicosanoids and dysregulation of expression of genes involved in regulation of neuronal function in the hippocampus, all of which may contribute to deficits in cognitive function, which we documented using independent corroborative measures of hippocampaldependent memory.
On the basis of previous findings (6,7) and the present results, it seems that advanced aging and diet-induced obesity have similar effects on hippocampal neuronal function. Our current understanding of the mechanisms of learning and memory formation in the hippocampus is that changes in synaptic efficacy induced by coincident pre-and postsynaptic activity (the same mechanisms that underlie LTP) have a critical role (13, 30) . Here we confirm earlier findings that LTP is significantly impaired in aging (14) , which likely contributes to age-related defects in learning and memory. Importantly, our findings demonstrate that aging and obesity have similar effects on LTP induced at the dentate gyrus, which parallels their negative effects on cognitive function. The available evidence suggests that obesity-induced impairment of LTP and cognitive decline does not depend on the experimental model used. For example, impairment of hippocampal LTP have been previously reported in obese Zucker rats (31) , in leptin-resistant db/db mice (32) and in rats in which obesity was induced by selective knockdown of insulin receptor in the hypothalamus (33) . The findings that obesity and aging similarly impair LTP are translationally relevant: it is predicted that if similar synaptic dysfunction is also manifested in the hippocampi of obese elderly patients, it would likely contribute to the pathogenesis of cognitive impairment. The mechanisms by which obesity impairs synaptic plasticity in the hippocampus are likely multifaceted. We have identified several factors important for synaptic and neuronal function and cerebral health whose expression was significantly altered by aging and obesity. LTP induced at the hippocampal CA3-CA1 and dentate gyrus synapses using HFS in rodents is dependent on the NMDA receptor. While changes in hippocampal expression of NMDA receptors were not evident, we found HFD-and age-related down-regulation of GluR2. Future studies are needed to elucidate the functional consequences of this alteration on AMPAR trafficking in NMDARdependent LTP. Through unbiased mRNA sequence analysis of the aged hippocampus we demonstrate that obesity and aging synergistically alter hippocampal LTP-related gene networks and expression of genes relevant for synaptic transmission. Our results extend the findings of previous studies showing that aging significantly alters LTP-related gene expression both in rat (34) and mouse (35) models, which associate with impaired spatial memory retention. Prior analysis of expression profiles of synaptic genes in humans also demonstrate significant expression changes in synapse-related genes in aging (36) , affecting multiple aspects of synaptic function. Our findings suggest that that the expression of a common set of synaptic genes is vulnerable to change in aging and obesity. Importantly, caloric restriction was reported to reverse/normalize age-related changes in several LTP-related genes in rodent models (35) . Many regard the cellular responses induced by HFD the opposite of the effects induced by caloric restriction. Further studies are evidently needed to elucidate the cellular compartment in the aged brain most affected by HFD, the molecular mechanisms responsible for the dysregulation of the LTP-related gene networks and establish cause-and-effect relationship between the observed transcriptional signature and the physiological alterations. It is likely that loss of synapses only partially accounts for the cognitive decline associated with aging while in obesity it is primarily the molecular changes of existing synapses that reduce their functional capacity.
Multiple lines of evidence support the concept that increased microglia activation and exacerbation of neuroinflammation in obese aged mice significantly contribute to neuronal and synaptic dysfunction, promoting cognitive decline (9, 11, 37) . First, our studies suggest that aging exacerbates obesity-induced microglia activation in the hippocampus (6) . Second, microglia-derived pro-inflammatory cytokines, chemokines, proteases, and reactive oxygen species have been demonstrated to promote neuronal dysfunction. Third, elimination of activated microglia was reported to improve cognitive function in various experimental models (38, 39) . Aging was shown to exacerbate obesity-induced adipose tissue inflammation, which contributes to a marked pro-inflammatory shift in the circulating cytokine profile (22) . Mechanisms underlying exacerbated microglia activation in obese aged mice likely include increased circulating levels of inflammatory cytokines derived from the inflamed adipose tissue (22) and disruption of the blood-brain barrier (6) . Previous studies provide evidence that in aged obese mice through the damaged BBB plasma constituents enter the brain (6) and that plasmaderived IgG, thrombin, fibrinogen, and inflammatory cytokines are potent stimuli for microglia activation. In addition to promoting microglia activation, disruption of the blood-brain barrier also alters the local microenvironment around neurons, which likely also contribute to impairment of synaptic function. Additional mechanisms that exacerbate obesity-induced neuroinflammation likely include an age-related Nrf2 dysfunction (11) . Nrf2 controls several different antioxidants pathways and confers significant anti-inflammatory effects. There is strong evidence that Nrf2 deficiency exacerbates the deleterious microvascular effects associated with consumption of a HFD (40, 41) , promoting disruption of the blood-brain barrier (42) and thus neuroinflammation. In agreement with the hypothesis that age-related Nrf2 dysfunction exacerbates HFD-induced neuroinflammation, the marked up-regulation of microglia activation-related genes in obese aged mice was not associated with significant induction of Nrf2 target genes, despite the presence of increased oxidative stress in this model (6) . It should be noted that Nrf2 activation, metabolic alterations, changes in hippocampal gene expression, synaptic plasticity and/or deficits of learning induced by aging (24) and/ or obesity (43) in the mouse brain may be sexually dimorphic. Thus, future studies are warranted to compare outcome measures related to obesity-induced neuroinflammation and cognitive impairment in older female and male subjects. Further studies are also needed to determine how phenotypically heterogeneous microglia populations in different anatomical regions in the aging brain react to obesity.
There is increasing evidence that lipid mediators play an important role in regulation of synaptic plasticity as well as neurovascular coupling responses (17) and inflammatory processes. While cyclooxygenase-mediated generation of PGE 2 , PGF 2α , and PGD 2 was reported to modulate synaptic plasticity and LTP and to contribute to neurovascular coupling responses (17) , the production of these eicosanoid mediators do not appear to be affected either by obesity of aging. In contrast, obesity in aged mice increased hippocampal level of the 12/15-lipoxygenase metabolites, which are known to modulate synaptic function, synaptic integrity, and LTP. These are potentially important findings as overexpression of 12/15-lipoxygenase was shown to impair hippocampal memory function, whereas pharmacological inhibition of 12/15-lipoxygenase improves cognitive function in mouse models of AD (28, 44) . Obesity was also associated with significant decline in hippocampal level of EETs, likely due to increased activity of epoxide hydrolases. This finding is significant as EETs facilitate LTPs (45) and up-regulation of epoxide hydrolase was proposed to contribute to cognitive decline (29) . In addition, EETs exert important anti-inflammatory effects and also play an important role in neurovascular coupling responses. Thus, their impaired synthesis may also promote neuroinflammation and contribute to dysregulation of local cerebral blood flow in obese aged mice (7) . Interestingly, obesity-related suppression of bioavailability of anti-inflammatory EETs has been observed in other tissues as well (46) .
Collectively, our present and previous studies as well as investigations by other laboratories demonstrate that obesity in aging promotes hippocampal inflammation by promoting blood-brain barrier disruption, which in turn may contribute to synaptic dysfunction and cognitive impairment ( Figure 5E ). In addition, obesity also impairs cerebral blood flow, by dysregulating neurovascular coupling responses, impairing endothelial function, and promoting microvascular rarefaction (6, 7, 42) . These microvascular alterations likely impair delivery of oxygen and nutrients to active brain regions, which may also contribute significantly to obesity-induced deterioration of cognitive function. Our findings have important translational relevance. Clinical studies suggest that obesity-induced cognitive decline develops gradually, leaving a time window for therapeutic intervention for prevention. Further studies should determine whether obesity-induced impairment of synaptic plasticity and decline in synapse density are also reversible with anti-obesity treatments (eg, diet (33) , exercise, anti-obesity medication, surgery). Importantly, there is increasing epidemiological evidence that there is an association between obesity in aging and the risk for Alzheimer's disease (AD) -type dementia (2) . Experimental studies on rodent models of AD confirm the clinical observations (47) . In addition to neuroinflammation, neuronal death, and microvascular pathologies (17, 48) , synaptic dysfunction also importantly contributes to the pathogenesis of AD-type dementia (49) . Our findings combined with these observations highlight a novel mechanism by which obesity in aging may exacerbate the symptoms of AD.
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